Denitrified nitrogen in Lake Kizaki was estimated by analysis of dissolved nitrogen and argon. Denitrification in the anoxic layer and that in the oxic layer were confirmed. Vertical distributions of denitrifiers in L. Kizaki were estimated by MPN count method with Giltay's medium. In the period of circulation of lake water, denitrifiers were found throughout the water column, but they appeared discontinuously in the period of stagnation.
Introduction
Denitrification was recognized early in this century to prevail under anaerobic conditions (WEISSENBERG, 1902) . However, there are only a few exceptional reports on the effect of oxygen on denitrifying activities. MEIKLEJOHN (1940) reported. " aerobic denitrification" with two Pseudomonas species. SKERMAN et al. (1958) demonstrated active nitrite reduction even under continuous aeration with Achromobacter liquefaciens. VON MECHSNER and WUHRMANN (1963) isolated several strains, of which denitrifying activities responded differently under different oxygen tention, from activated sludge.
On the other hand, by geochemical studies of natural hydrospheres, denitrification was usually observed also under anaerobic regions (GOERING, 1968 ; KOIKE et al., 1972) . But KOYAMA and TOMINO (1967) detected denitrified nitrogen, by estimating N2 and Ar dissolved in Lake Kizaki, at such an oxic layer as 5 mi/i dissolved oxygen. This phenomenon is interpreted either by the presence of an anaerobic site in the microstructure of suspended particulate matter, or by the presence of denitrifying bacteria carrying on active denitrification under true aerobic conditions.
To identify the case of denitrification in the oxic layer in Lake Kizaki, geochemical assessment of denitrification and microbiological estimation of denitrifiers were compared.
There are many studies on denitrifying activities in natural systems, i. e., in soils (WIJLER and DELWICHE, 1954 ; COOPER and SMITH, 1963 ; STEFANSON, 1972) , in oceans (GOERING, 1968 ; RICHARDS and BENSON, 1961; THOMAS, 1966) and in lakes and rivers (GOERING and DUGDALE, 1966; BREZONIC and LEE, 1968 ; KUZNETSOV, 1968) . Nevertheless, there are few taxonomical studies on the distribution of denitrifying bacteria in natural habitats (SREENI-VASAN and VENKATRAMAN, 1956 ; VON * A preliminary report of parts of this work was presented at the Annual Meeting of the Japanese Society of Botany, Chiba, October, 1978. Denitrifying Bacteria in Lake Kizaki MECHSNER and WUHRMANN, 1963; KEENEY et al., 1972; GAMBLE et al., 1977) . Denitrifying ability is distributed among 22 species of 10 genera according to "Bergey's Manual of Determinative Bacteriology" (1974) . Seven other genera are cited as containing denitrifying species according to PAYNE (1973) . Moreover, two genera which include denitrifying species must be added from recent studies; one of them is a photosynthetic bacterium, Rhodopseudomonas (SATOH et al., 1976) , and another is a nitrogen-fixing bacterium, Spirillum or Azospirillum (NEYRA et al., 1977) .
Forty-four strains of denitrifying bacteria were isolated from the lake and taxonomical studies were conducted on them. The significance of the taxonomical grouping of denitrifiers on the vertical and seasonal distributions was discussed in relation to dissolved oxygen content in the lake water.
Materials and Methods

Analysis of dissolved nitrogen and argon in lake water
Dissolved gaseous components in lake water were analyzed by the method of KOYAMA and TOMINO (1967) . Lake water collected with a Van Dorn water sampler was overflowed in two gas-expelling glass bottles (250 ml in capacity) containing 5 g of marble pieces. Dissolved gaseous components were expelled by carbon dioxide evolved by mixing 25% hydrochloric acid with the marble pieces, and gathered in glass burette containing 15% sodium hydroxide solution. Oxgen was trapped by 20% pyrogallol solution and other gasses were transferred into glass syringes, which were immersed and transported in water and stored before gas-chromatographic analysis. Gas-chromatography was carried out using a molecular sieve 13-X (30-60 mesh ; column length: 2m) as an adsorbent and oxygen as a carrier gas with a Yanaco gas- Denitrifying bacteria are usually restricted in either aerobes or facultative anaerobes, and all the isolates from L. Kizaki were Gram-negative bacteria, so USHIKOSHI'S scheme of classification for aerobic Grainnegative bacteria was adopted. Pigmentation of colony on nutrient agar, oxidation and fermentation test with glucose (HUGH and LEIFSON, 1953) , oxidase test (KovAc, 1956 ) and pattern of flagellation were main diagnostic keys. In addition to these keys, chromogenic tests in KING's medium A and B (KING et al., 1954) lake from early summer to mid-autumn are shown in Fig. 2a-d . At the beginning of summer stagnation (Fig. 2a) , no denitrification and only nitrogen fixation were observed in water layers above the thermocline. Denitrification was detected in the hypolimnion (at 15-25m depth), where 6. 4-4. 7 ml/l dissolved oxygen was present. In the period of mid-summer stagnation (Fig. 2b) , denitrification was observed both in the thermocline (5-10m depth, 7. 3-5. 3 ml/l D.O.) and below 25m depth, where dissolved oxygen was less than O. 2 ml/l.
At the end of summer stagnation (Fig. 2c) , denitrification was detected throughout the water column except for the upper-most surface water layer. Significant denitrification was observed at 10m depth, where dissolved oxygen was more than 4.0ml/l. The maximum amount of denitrification (1.8ml/l) was observed at 25m depth, where no oxygen was detected.
At the beginning of autumn circulation (Fig. 2d) , denitrification was observed both in the metalimnion (10 m depth, 6. 6 ml/l D.O.) and in the hypolimnion (below 20m depth, This apparent contradiction can be accounted for by the fact that the denitrified nitrogen estimated by dissolved nitrogen and argon is the sum total of denitrifying activity during a certain period. When vertical profiles of denitrified nitrogen in July and September are compared with vertical distributions of denitrifiers in June and July, respectively, coincidence is observed much more often. But an in situ experiment dealing with both denitrifying activity and growth rate of denitrifiers is needed to clarify the relation between the standing crop of denitrifiers and the denitrified nitrogen estimated by gas-metry.
3. Isolation of denitrifiers and taxonomical studies on them Denitrifying strains were purified from Giltay's medium used for MPN counting as described under "Materials and Methods." Colonies different in shape, colour and transparency from the same origin were isolated as different strains. Although 50 strains were initially isolated, 44 strains were viable and retained denitrifying activity during repeated inoculation (3-6 month intervals) for preservation. The number of isolates in different months is indicated in Table 1 .
All of the isolates were Gram-negative, motile rods, so that these denitrifiers were expected to belong to one of the following genera; Pseudomonas, Alcaligenes or Aclzromohacter, according to Bergey's Manual (1974) and Payne's review (Payne, 1973) .
The results of taxonomical studies according to Ushikoshi's method (1974) are also suiniiierized in Table 1 . It is obvious from the table that most (34/44) of the denitrifiers from the lake may be classified among Pseudomonas (group I, II and III) and that a few strains belong to AlcaligenesAchromobacter (group IV, 4/44) or Achromobacter (group V, 2/44).
Three strains could not be definitely assigned to a given group (III or IV), because their flagellar positions could not be clearly distinguished.
One strain was not identified because of the uncertain results of an O-F test.
Photomicrographs of typical denitrifiers observed with the scanning electronmicroscope are shown in Fig. 4 .
Vertical and seasonal distributions of the denitrifiers isolated and divided into 5 groups are shown in Table 2 . Fluorescent group of Pseudomonas (group I) was isolated from surface water to bottom sediment of the lake in the circulation period. In the stagnation period, group I was not isolated from the anoxic water layer (only 2 strains belonging to group I were isolated from the water layer containing D.O. below 5ml/l and none was isolated from the water layer containing D.O. below 3ml/l). However, other groups of denitrifying bacteria were isolated from both the oxic and the anoxic layers. These results suggest that the fluorescent group of Pseudomonas was distributed in rather oxic layers in the lake, while other groups of denitrifiers were in both the oxic and anoxic layers.
Denitrifying activities of the isolated strains
Several denitrifying strains were grown semianaerobically in the Giltay's medium and harvested at vigourously gas-producing stage (i.e., late log phase) . Resting cell suspensions were examined for denitrifying activities under the aerobic or anaerobic condition as described under "Materials and Methods". Denitrifying activities, estimated by nitrite consumption, were inhibited under atmospheric oxygen tension compared with those under the anaerobic condition, but the degree of inhibition was different among strains. Two types of inhibition were found (see Fig. 5a, b) , one of them a complete inhibition by air or oxygen sensitive denitrification as in the case of strain 0-3-2. This latter strain belongs to group I. Another strain (E-20) belonging to the same group showed the same result.
Still another type was a moderate inhibition by air or oxygen tolerant denitrification as in the case of strain 1-50. This strain belongs to group IV. Another strain (L) belonging to the same group showed the same result.
Oxidative group of Hugh-Leifson's O-F test (group I, II) is found either exclusively in the circulating period of the lake water or in the oxic layer of the stagnated period, whereas no acid-producing group (NAgroup, group III, IV, V) is found either in * Roman numerals indicate the group numbe r as shown in Table 1 . Arabian numeral suffix indicate numbers of isolated strain. ** Roman numerals included in parenthesis indicate the st rains not determined to which group they belong. # Solid line indicates the water layer dissolving 3 .0 ml O2/l. ## Dotted line indicates the water layer dissolving 5 .0 ml O2/l. the oxic layer or the anoxic one. In order to test the statistical significance of the distribution of the two groups of isolates in relation to the dissolved oxygen content, 3.Oml/l D.O. was used for a boundary between the oxic and the anoxic water layer (c. f. a solid line in Table 2 ). Among the 43 strains isolated (1 strain was excluded because of uncertain results of the O-F test), 27 strains of O-group were isolated from the oxic water layer, 3 strains of O-group from the anoxic one, 9 strains of NA-group from the oxic one, and 4 strains of NA-group from the anoxic one. Significance of these distributions of the isolates (27:3:9:4) was checked by Fisher's exact probability test. Probabilities of this case and those which exhibit more diverse distributions.
(i.e., 28:2:8:5, 29:1:7:6 and 30:0:6:7) were calculated. The resultant probability was 0.095. (a) Strain 0-3-2, which is taxonomically grouped into Pseudomonas fluorescent group.
(b) Strain 1-50, which is taxonomically grouped into Alcaligenes-Achromobacter group.
in the other group (achromogenic and chromogenic group) were shown to have poor oxidative activity (IIZUKA and KOMA-GATA, 1963b) .
Although the method used for grouping the fluorescent Pseuclomonas by the present author (use of King's medium) is slightly different from that by IizuKA and KOMA-GATA (1963a) (use of glycerol-glutamate broth medium), it is noteworthy that the distribution of denitrifiers belonging to the fluorescent group of Pseudomonas was restricted to rather oxic layers in the lake.
From the preliminary experiment on the effect of the aerobic condition on denitrifying activities, strains in the fluorescent group of Pseudomonas exhibited complete inhibition under aerobic condition, while other strains showed rather oxygen tolerant denitrification.
A similar result was found with two Pseudornonas spp. by NAKAJIMA and TEZUKA (1974) .
As described previously, denitrifiers in the oxic layer are not always responsible for denitrification in the layer. Those in the fluorescent group of Pseztdomonas (group I) in particular do not appear to contribute to the denitrification in the oxic layer, because of the oxygen sensitivity of their denitrifying activity. Denitrification in the oxic layer of the lake is more likely due to denitrifiers belonging to the NA-group of O-F test (group III, IV, V), because they were distributed in the oxic layer as well as in the anoxic one. Moreover, some of them exhibited a considerable oxygen tolerance for denitrifying activity. Denitrifying enzymes are known usually as inducible ones under anaerobic condition in the presence of nitrate or nitrite, although an exceptional case of constitutive nature of nitrate reductase was reported (Timer, 1972 
